In the teleost fish, Haplochromis burtoni, three gonadotropin-releasing hormone (GnRH) peptides and their corresponding cDNA sequences and full-length genes have previously been reported. Here we describe the ontogeny of mRNA expression for these three GnRH forms in H. burtoni. Each of the three forms has been shown to have a distinct spatial expression pattern in the adult brain. 5Ser 8 6GnRH (the releasing form) is expressed exclusively in the hypothalamus, 5His 5 Trp 7 Tyr 8 6GnRH is expressed in the midbrain mesencephalon, and 5Trp 7 Leu 8 6GnRH is expressed in the terminal nerve area of the telencephalon. Previous work in other animals has shown that GnRH-containing neurons in the preoptic area arise from the olfactory placode and that these cells migrate into their final positions in the brain during early development. By using molecular probes to identify the cell types expressing distinct GnRH forms, our data are consistent with the migration of both 5Ser 8 6GnRH and 5Trp 7 Leu 8 6GnRH neurons from the placode to their appropriate adult locations in the brain. In contrast, we show that 5His 5 Trp 7 Tyr 8 6GnRH neurons arise from the germinal zone of the third ventricle. By using in situ hybridization with digoxigenin-labeled cRNA probes, 5His 5 Trp 7 Tyr 8 6GnRH mRNA was first evident at day 4, 5Trp 7 Leu 8 6GnRH mRNA at day 8, and 5Ser 8 6GnRH mRNA at day 14. However, by using the reverse-transcriptase polymerase chain reaction (RT-PCR), all three GnRH mRNAs were found in whole embryos at day 4 of the 14 days of embryogenesis. This striking difference may be due to the greater sensitivity of RT-PCR compared with in situ hybridization. Alternatively, it is possible that 5Ser 8 6GnRH and 5Trp 7 Leu 8 6GnRH are expressed outside the brain during early development and only later inside the brain.
In the teleost fish, Haplochromis burtoni, three gonadotropin-releasing hormone (GnRH) peptides and their corresponding cDNA sequences and full-length genes have previously been reported. Here we describe the ontogeny of mRNA expression for these three GnRH forms in H. burtoni. Each of the three forms has been shown to have a distinct spatial expression pattern in the adult brain. 5Ser 8 6GnRH (the releasing form) is expressed exclusively in the hypothalamus, 5His 5 Trp 7 Tyr 8 6GnRH is expressed in the midbrain mesencephalon, and 5Trp 7 Leu 8 6GnRH is expressed in the terminal nerve area of the telencephalon. Previous work in other animals has shown that GnRH-containing neurons in the preoptic area arise from the olfactory placode and that these cells migrate into their final positions in the brain during early development. By using molecular probes to identify the cell types expressing distinct GnRH forms, our data are consistent with the migration of both 5Ser 8 6GnRH and 5Trp 7 Leu 8 6GnRH neurons from the placode to their appropriate adult locations in the brain. In contrast, we show that 5His 5 Trp 7 Tyr 8 6GnRH neurons arise from the germinal zone of the third ventricle. By using in situ hybridization with digoxigenin-labeled cRNA probes, 5His 5 Trp 7 Tyr 8 6GnRH mRNA was first evident at day 4, 5Trp 7 Leu 8 6GnRH mRNA at day 8, and 5Ser 8 6GnRH mRNA at day 14. However, by using the reverse-transcriptase polymerase chain reaction (RT-PCR), all three GnRH mRNAs were found in whole embryos at day 4 of the 14 days of embryogenesis. This striking difference may be due to the greater sensitivity of RT-PCR compared with in situ hybridization. Alternatively, it is possible that 5Ser 8 6GnRH and 5Trp 7 Leu 8 6GnRH are expressed outside the brain during early development and only later inside the brain. 1998 Academic Press Sexual maturation and the subsequent regulation of reproductive activity are centrally orchestrated by gonadotropin-releasing hormone (GnRH). The form of GnRH directly responsible for reproductive control is produced in the vertebrate hypothalamus and acts on the pituitary to regulate the release of gonadotropins. However, other forms of GnRH exist in vertebrates (reviewed in Kasten et al., 1996) and can be grouped into two additional classes based on amino acid structure and phylogeny . 5His 5 Trp 7 Tyr 8 6GnRH has been localized to mesencephalic perikarya in nonmammalian vertebrates by using immunohistochemical techniques (e.g., Mikami et al., 1988; Amano et al., 1991; Dellovade et al., 1993; Muske and Moore, 1994; Yamamoto et al., 1995) (nomenclature is based on listing the amino acids differences compared with the human hypothalamic releasing form, pGlu-His-Trp-SerTyr-Gly-Leu-Arg-Pro-Gly). Moreover, the gene encoding this form is expressed in mesencephalic neurons in several fish species (see, e.g., White et al., 1994; Zandbergen et al., 1995; Gothilf et al., 1996; Penlington et al., 1997) as well as in placental mammals (tree shrew, Kasten et al., 1996) . In several teleost fish species, a third GnRH peptide type (5Trp 7 Leu 8 6GnRH) has been localized to the telencephalic region by using immunohistochemical techniques, and a cDNA encoding this GnRH has been cloned in several species (e.g., Haplochromis burtoni, Bond et al., 1991; Porichthys notatus, Grober et al., 1995; Sparus aurata, Gothilf et al., 1996) . Phylogenetic analysis suggests that although the three forms of GnRH are closely related, they very likely diverged before the vertebrate lineage was established , suggesting that all vertebrates may have three forms of GnRH.
There is substantial variation among species in the amino acid composition of the hypothalamic form of GnRH (reviewed in Kasten et al., 1996) . For example, in mammals the structure of the hypothalamic form of GnRH is pGlu-His-Trp-Ser-Try-Gly-Leu-Arg-Pro-Gly, but in fish, Ser replaces Arg in position 8. Other species show up to a 50% variation in positions 5-8 of their hypothalamic GnRH. In striking contrast, the 5His 5 Trp 7 Tyr 8 6GnRH decapeptide structure is pGlu-HisTrp-Ser-His-Gly-Trp-Tyr-Pro-Gly in all species where it has been identified, which includes members of all vertebrate classes. At present, 5Trp 7 Leu 8 6GnRH has been identified only in teleost fish and has the structure pGlu-His-Trp-Ser-Try-Gly-Trp-Leu-Pro-Gly.
Forebrain GnRH neurons seem to have similar developmental origins. In mammals (SchwanzelFukuda and Pfaff, 1989 ) and other species (e.g., Muske, 1993; Norgren and Gao, 1994) , neurons destined to produce the hypothalamic (releasing) form of GnRH originate in the olfactory placode. These cells migrate centrally and take up positions along the ventral surface of the adult brain in a rostrocaudal continuum from the terminal nerve area to the hypothalamus. The placodal ancestry of these neurons suggests that GnRH in the terminal nerve region might coordinate sensory input at the time of reproduction (White et al., 1995a) . Functional segregation in this forebrain system is evident in fish whose GnRH-expressing neurons in the terminal nerve and hypothalamus express distinct GnRH genes (White et al., 1995a) . In contrast, indirect evidence suggests a nonplacodal origin for 5His 5 Trp 7 Tyr 8 6GnRH-containing neurons (Northcutt and Muske, 1994) . In support of this idea, a preliminary report that used in situ hybridization (White et al., 1995b) suggested that 5His 5 Trp 7 Tyr 8 6GnRH-containing neurons arise directly in the midbrain.
In addition to having different origins, forebrain and midbrain GnRH neurons are likely to show differences in the onset of GnRH gene expression among species.
Specifically, immunohistochemistry suggests that midbrain cells express GnRH earlier in development than those in the terminal nerve or preoptic area. In the developing bullfrog, 5His 5 Trp 7 Tyr 8 6GnRH immunoreactivity in the spinal cord appears early, coincident with that found in the midbrain (Muske and Moore, 1990) , suggesting a common ontogeny for spinal cord and midbrain GnRH neurons which is separate from that of the later-appearing hypothalamic GnRH neurons. However, in the musk shrew, GnRH antibodies detect GnRH in hypothalamic neurons prenatally while 5His 5 Trp 7 Tyr 8 6GnRH immunoreactivity is apparent only at postnatal day 2 (Gill et al., 1995) .
Because immunological detection techniques can produce ambiguous results in comparison with molecular hybridization, identifying precisely when and where each GnRH peptide may be produced requires genetic probes for all GnRH mRNAs within a single species in which ontogeny can be studied. Here, by using RNA-RNA in situ hybridization, we demonstrate in H. burtoni that neurons expressing 5His 5 Trp 7 Tyr 8 6GnRH mRNA in the midbrain arise directly from the midbrain ventricle, thus supporting the hypothesis that the forebrain and midbrain neurons expressing GnRH differ in their developmental origin in all vertebrates.
METHODS

Animal Care
Animals were from a laboratory breeding population derived from wild-caught H. burtoni stock (Fernald and Hirata, 1977) . Breeding adults were kept under conditions closely approximating their natural environment and monitored daily for the appearance of broods. Females brood fry in their mouth following spawning until release ϳ14 days later (Fernald, 1984) , so we designate day 0 as the date of fertilization and day 14 as the end of embryonic development. Representative developmental stages of H. burtoni are shown in Fig. 1 .
Detection of GnRH mRNA by Using in Situ Hybridization Histochemistry
In situ hybridization (ISH) histochemistry was performed essentially as described by Strähle et al. (1994) .
Embryos were collected and then fixed in 4% paraformaldehyde overnight at 4°C, equilibrated in 30% sucrose for ϳ4 h, mounted with Tissue Tek OCT medium (Sakura Finetek, Torrance, CA), and frozen at Ϫ20°C before sectioning with a cryostat at 20 µm onto poly-L-lysine-coated slides. Sections were hybridized with digoxigenin (DIG)-labeled cRNA probes for 8-12 h at 60°C in a buffer containing 50% formamide (n ϭ 2-7 embryos per time point, per probe). Hybridization was visualized with standard NBT/ BCIP staining.
Probes were transcribed from linearized pBluescript II (Stratagene, La Jolla, CA) plasmids containing partial cDNA inserts encoding the three GnRH forms in H. burtoni (Bond et al. 1991; White, et al., 1994 White, et al., , 1995a ) by using in vitro transcription for DIG-UTP incorporation as recommended by the manufacturer (Boehringer Mannheim, Indianapolis, IN). cRNA probes complementary to 5Ser 8 6GnRH, 5His 5 Trp 7 Tyr 8 6GnRH, and 5Trp 7 Leu 8 6GnRH mRNAs were ϳ220, ϳ380, and ϳ270 nucleotides in length, respectively.
Fixed tissue was analyzed with a light microscope (Zeiss, Axiophot) and photographed. In addition, representative sections were captured on a Macintosh computer with image processing software (NIH Image 1.6). Labeled cells were localized within the brain and camera lucida sketches were created with Photoshop 4.0 software (Adobe Systems, San Jose, CA).
Detection of GnRH mRNA by Reverse Transcription and cDNA Amplification
Embryos were collected throughout development and immediately frozen by immersion in liquid nitrogen. Total RNA was extracted from pooled whole embryos (n ϭ 9-28 animals per pool) after homogenization in a guanidinium thiocyanate-phenol-chloroform reagent (UltraSpec-II RNA, Biotecx Laboratories, Houston, TX). Five micrograms of total RNA per reaction was transcribed into cDNA by using SuperScript II RT (Life Technologies, Gaithersburg, MD) as recommended by the manufacturer, except that the reactions were performed at 45°C and primed with dT 18 V. A total of 0.01% of the cDNA synthesis reaction (0.04% for 5Trp 7 Leu 8 6GnRH) was amplified in glass microcapillary tubes by using a Rapidcycler (Idaho Technologies, Idaho Falls, ID) with a cycling protocol as follows: a 15-s denaturation at 94°C, followed by 40 cycles of a 0-s hold at 94°C, a 0-s primer annealing step at 55°C, and a 15-s extension step at 72°C. Reactions volumes were 10 µl (20 µl for 5Trp 7 Leu 8 6GnRH) and used Klentaq1 DNA polymerase (AB Peptides, St. Louis, MO) with supplied buffer. The following primer sets, based on the H. burtoni GnRH cDNAs (White et al., 1995a) and genes , were used: 5Ser 8 6GnRH, 5Ј-AGC AGA AGA GAT CAG AAG T-3Ј (exon 1) and 5Ј-GTG TCG ATT TTC CCT TTC G-3Ј( exon 4); 5His 5 Trp 7 Tyr 8 6GnRH, 5Ј-CTC GAC TGG CTT TGC TCT TG-3Ј (exon 2) and 5Ј-ATC ACG TCA AGG CAG AAA TA-3Ј (exon 4); 5Trp 7 Leu 8 6GnRH, 5Ј-GCT AAC AAG GCA AAT ACA G-3Ј (exon 1) and 5Ј-AAC CAC CGA TAA CAA ATA A-3Ј (exon 4). The sizes for the 5Ser 8 6GnRH , 5His 5 Trp 7 Tyr 8 6GnRH, and 5Trp 7 Leu 8 6GnRH cDNA products are 325, 310, and 420 bp, respectively. Amplified products were size separated by electrophoresis in a 1.5% agarose gel and visualized with ethidium bromide staining with UV illumination.
Because false positive results could arise from amplification of pseudogenes of approximately the same size as cDNA products, we tested for the presence of GnRH pseudogenes in the H. burtoni genome by amplifying RNA samples directly, without the reverse transcription (RT) reaction. No evidence for pseudogenes was found. Each primer set spanned at least two introns, such that amplification of genomic DNA with the 5Ser 8 6GnRH, 5His 5 Trp 7 Tyr 8 6GnRH, and 5Trp 7 Leu 8 6GnRH primer sets yielded single products of 678, 625, and 1080 bp, respectively, rendering them clearly distinguishable from cDNA-derived products.
RESULTS
Ontogeny of GnRH mRNA Expression in the Brain from in Situ Hybridization
The ontogeny of GnRH expression was examined in each of the three cell groups by using in situ hybridization. Neurons in the telencephalon were first observed to express 5Trp 7 Leu 8 6GnRH at day 8, at which time the cells were in a position similar to their adult orientation ( Fig. 2A ). Neurons were tightly clustered and had a cell diameter of ϳ3 µm. At day 14, the telencephalic GnRH neurons remained tightly clustered, and their diameter had increased to ϳ10 µm (Fig. 2B) . Midbrain GnRH neurons were first observed to contain 5His 5 Trp 7 Tyr 8 6GnRH mRNA beginning at day 4, while still within the germinal zone near the third ventricle (Fig. 2C) . The cells observed at day 4 are noticeably rounded in appearance, with a diameter of ϳ4 µm. By day 14, the cells have an adult-like morphology and have increased in diameter to ϳ12 µm (Fig. 2D) . GnRHcontaining neurons in the hypothalamus were first observed to express 5Ser 8 6GnRH mRNA at day 14 (Fig. 2E) . Cells had a diameter of ϳ8 µm and were clustered in a position similar to the adult orientation. In every case, in situ hybridization showed that neurons only expressed a single form of GnRH mRNA (data not shown).
Distribution of GnRH Neurons at the End of Embryonic Development
Before the end of embryonic development in H. burtoni, GnRH neurons identified with ISH exhibit a spatial distribution essentially identical to that found in the adult (White et al., 1995a) (Fig. 3) . At day 14, the forebrain GnRH neuron populations are small and densely packed: the hypothalamic GnRH neurons are restricted to the preoptic region (Fig. 3A) , and the telencephalic neurons are restricted to the basal telencephalon (Fig. 3B) . The two paired hypothalamic GnRH neuron subpopulations are centered ϳ100 µm lateral of the midline, and the telencephalic GnRH neuron subpopulations are centered ϳ30 µm lateral of the midline. Midbrain GnRH neurons at day 14 are restricted to the mesencephalon where they exhibit significantly broader distribution than the forebrain GnRH neuron populations (Figs. 3A and 3B ). Cell bodies are loosely clustered at the base of the third ventricle, aggregating in an area ϳ100 µm laterally and ϳ200 µm along the rostrocaudal axis.
Midbrain GnRH Neurons Are Born within the Brain
Midbrain GnRH neurons appear to be born in the germinal zone just dorsal to the third ventricle, on or before day 4, and synthesize 5His 5 Trp 7 Tyr 8 6GnRH mRNA throughout embryonic development (Fig. 4) . Expression of 5His 5 Trp 7 Tyr 8 6GnRH mRNA is evident in these neurons while they are still within the germinal zone and remains robust as they migrate out of the germinal zone. Between day 4 and day 14, developingmidbrain GnRH neurons occupy approximately the same spatial location relative to the third ventricle and the margin of the germinal zone, suggesting that they do not migrate substantial distances within the brain.
Expression of GnRH mRNA Revealed by PCR Amplification
Expression of mRNA for all three GnRH forms was detected in whole embryos with RT-PCR beginning at day 4 and was shown to continue throughout embryonic development and into adulthood (Fig. 5) . In both embryos and adults, PCR-amplified cDNA products
FIG. 2.
Photomicrographs of embryonic H. burtoni brain sections following in situ hybridization with DIG-labeled probes for the three GnRH mRNAs. In (A) and (B), sections are hybridized with 5Trp 7 Leu 8 6GnRH cRNA and the plane of sectioning is sagittal (left, anterior; top, dorsal) . In (C) and (D), sections are hybridized with 5His 5 Trp 7 Tyr 8 6GnRH cRNA and the plane of sectioning is coronal (left, left side; top, dorsal). In (E), the section is hybridized with 5Ser 8 6GnRH cRNA and the plane of sectioning is sagittal (left, anterior; top, dorsal). Scale bar for (A)-(E), shown in (A), for 5Ser 8 6GnRH , 5His 5 Trp 7 Tyr 8 6GnRH, and 5Trp 7 Leu 8 6GnRH were 325, 310, and 420 bp, respectively, as predicted.
DISCUSSION
H. burtoni has three forms of GnRH, each the product of a distinct gene .
By using RT-PCR, we have shown that the mRNA for each of these three forms is present in whole embryos at day 4 of the 14 days of embryonic development. However, with ISH, expression of GnRH mRNA in neurons in the brain is observed at quite different times for each of the three forms. The first GnRH mRNA observed is for 5His 5 Trp 7 Tyr 8 6GnRH at day 4 in the midbrain, in cells within the germinal zone of the third ventricle. The next form observed with ISH is 5Trp 7 Leu 8 6GnRH mRNA in the telencephalon at day 8. Finally, 5Ser 8 6GnRH mRNA appears in the hypothalamus at day 14. In each case, neurons visualized with ISH appear to first express GnRH mRNA when they are in approximately the same position as ultimately occupied in the adult brain. Apparently, migrating GnRH neurons in H. burtoni either do not express GnRH mRNA or express at levels too low to observe with DIG-labeled probes for ISH.
What could explain the large temporal differences in the onset of 5Ser 8 6GnRH and 5Trp 7 Leu 8 6GnRH expression observed with RT-PCR and ISH? The greater sensitivity of RT-PCR compared with ISH may be part of the explanation. If differential sensitivity is the explanation, ISH with radiolabeled probes might reduce the apparent temporal differences in gene expression identified with RT-PCR and DIG-ISH. Another possible explanation is that our RT-PCR experiments were performed with whole embryos, and thus GnRH mRNA from nonbrain tissue could have been amplified, whereas our ISH experiments were done only on brain tissue. In support of this interpretation, we recently showed that each of the different forms of GnRH is expressed outside the brain in H. burtoni . Discriminating between these possibilities will require precise localization of GnRH expression outside the brain during embryogenesis, although to date we have been unable to localize GnRH mRNA to cells in nonbrain tissue by using DIG-ISH (data not shown).
An important conclusion from our experiments is that neurons expressing 5His 5 Trp 7 Tyr 8 6GnRH mRNA have a different origin than neurons expressing 5Ser 8 6GnRH and 5Trp 7 Leu 8 6GnRH mRNA. Although a previous study based on ablation of the olfactory placode in a salamander suggested that this might be the case (Northcutt and Muske, 1994) , our data are the first to demonstrate this by using specific molecular probes to assess GnRH gene expression. The expression of 5His 5 Trp 7 Tyr 8 6GnRH mRNA is particularly remarkable because it begins shortly after these cells are born in the midbrain and continues throughout development. 5His 5 Trp 7 Tyr 8 6GnRH gene expression is robust while the expressing neurons are still within the germinal zone, suggesting a possible role for the 5His 5 Trp 7 Tyr 8 6GnRH peptide during early development. Early expression of the 5Ser 8 6GnRH and 5Trp 7 Leu 8 6GnRH genes as revealed by RT-PCR hints that they too might be important for development.
Although the genes encoding the three GnRH forms clearly share a common phylogenetic origin , they are expressed both in distinct locations and at different times during development. It seems likely that their gene products have become selected for independent functions during evolution, as has been found in other gene families. This raises the question of why these three GnRH genes and gene products have remained so similar. Perhaps these peptides share a single receptor, thus resulting in particularly stringent selective pressure during evolution. Discovering where GnRH-specific receptors are expressed in a species with multiple GnRH forms might guide our understanding of the remarkable evolutionary conservation of the GnRH genes.
